The Sendai virus RNA polymerase is a complex of two virus-encoded proteins, the phosphoprotein (P) and the large (L) protein, where L is believed to possess all the enzymatic activities necessary for viral transcription and replication. The alignment of amino acid sequences of L proteins from negative-sense RNA viruses shows six regions, designated domains I-VI, of good conservation which have been proposed to be important for the various enzymatic activities of the polymerase. To directly address the role(s) of domains II and III, site-directed mutations were constructed by the substitution of multiple amino acids at 13 highly or mostly conserved residues. Analysis of in vitro viral transcription and replication showed that the majority of the mutations completely inactivated the L protein for all aspects of RNA synthesis, thus conservation correlated with the essential nature of the amino acid. At some positions different phenotypes, from inactivation to partial activities, were observed which depended on the nature of the amino acid that was substituted. Two mutants, K543R and K666V, could synthesize some leader RNA, but were defective in mRNA synthesis and replication. K666R and G737E had significantly reduced replication compared to transcription in vitro, but replicated genome RNA much more efficiently in vivo. K666A gave transcription, but no replication. Representative inactive L mutants, however, were still able to bind P protein and the polymerase complex was capable of binding nucleocapsids, so the defect appeared to be in the initiation of RNA synthesis.
INTRODUCTION
The RNA-dependent RNA polymerase of nonsegmented, negative (Ϫ)-strand RNA viruses consists of a complex of two subunits, the phosphoprotein (P) and the large (L) protein (Lamb and Kolakofsky, 2001 ). This enzyme catalyzes a variety of reactions that in eukaryotic transcription require multiple multi-subunit enzyme complexes. The P-L complex is unusual first in that the template for all RNA synthesis is the nucleocapsid, the (Ϫ)-strand genome RNA encapsidated in the viral nucleocapsid (NP) protein, and not naked RNA. The viral polymerase synthesizes first a (ϩ)-strand leader (leϩ) RNA from the 3Ј end of the template, followed by the sequential synthesis of the individual monocistronic mRNAs. Each mRNA is capped and methylated at the 5Ј end and polyadenylated at the 3Ј end. Replication of both (ϩ)-and (Ϫ)-strand full-length genome RNA involves the concurrent synthesis of RNA and its encapsidation with NP protein, a method of packaging catalyzed by the polymerase that is very different from particle formation in other classes of viruses.
In the Sendai virus model system studied here, the L [2228 amino acids (aa)] and P (568 aa) proteins must be coexpressed to form the functional polymerase complex (Horikami et al., 1992) , because L protein is unstable in the absence of P (Horikami et al., 1997) . L protein alone is unable to bind to the nucleocapsid template and binding of the P-L complex occurs instead through a P-nucleocapsid interaction (Ryan and Kingsbury, 1988; Ryan and Portner, 1990) . The L subunit is believed to contain all the catalytic activities associated with the polymerase (Einberger et al., 1990; Hammond and Lesnaw, 1987; Hammond et al., 1992; Hercyk et al., 1988; Hunt and Hutchinson, 1993; Poch et al., 1990) . When the amino acid sequences of L proteins from a variety of (Ϫ)-strand RNA viruses were compared (Poch et al., 1990; Sidhu et al., 1993) , six regions of good conservation, designated domains I to VI, were identified. It was proposed that these conserved domains mediate the enzymatic activities of the L protein, while the more variable regions between the domains contribute to the overall conformation of the protein. For domains II, III, and VI the analysis revealed regions of homology with motifs found in other well-characterized polymerase proteins. In Sendai L domain II (aa 503-607), for example, there is a highly charged putative RNA-binding motif. Site-directed mutagenesis of several highly conserved amino acids in this motif completely inactivated all but one of the pro-teins, showing that most, but not all, of these residues were essential for all viral RNA synthesis (Smallwood et al., 1999) . Domain III (aa 653-876) contains a potential GDNQ phosphodiester bond-forming motif, which was shown to be essential for the VSV, rabies, and bunyavirus L proteins (Jin and Elliot, 1992; Schnell and Conzelman, 1995; Sleat and Banerjee, 1993) , as all mutations within this motif abolished viral RNA synthesis. Domain VI (aa 1770-1847) contains a putative nucleotide-binding motif.
While a few mutagenesis studies have been undertaken on domains II and III in several different (Ϫ)-strand RNA viruses, these involved relatively few amino acid changes in only a few of the most highly conserved residues (Jin and Elliot, 1992; Schnell and Conzelman, 1995; Sleat and Banerjee, 1993; Smallwood et al., 1999) . We have extended these analyses to study the function of these domains by site-directed mutagenesis of other conserved amino acids in these regions. The approach was to change 13 highly or mostly conserved selected residues to multiple different amino acids (from 2 to 8) to understand the importance of both the position and the type of residue for the function of the L protein.
RESULTS

Mutations in domains II and III have a range of effects on the synthesis of Sendai L protein
Site-directed mutations substituting one or multiple amino acids at 2 residues in domain II and at 11 residues in domain III were constructed in the Sendai L gene as described under Materials and Methods. To first confirm that the L proteins were being synthesized, sets of VVT7-infected cells were transfected with wild-type (wt) P and the wt or mutant L plasmids and radiolabeled with 35 Slabeled amino acids overnight. Cytoplasmic extracts were prepared, immunoprecipitated, and analyzed by gel electrophoresis. The majority of the L mutants were full length and synthesized in steady-state amounts similar to the wt L protein in each set (Fig. 1) . Two of the changes, R736P (Fig. 1C , Lane 13) and G741A (Fig. 1D , Lane 12), however, did not yield any detectable L protein, even with transfection of increasing amounts of L plasmid (not shown). These changes clearly adversely affected the stability of the protein. Several other mutant L proteins were synthesized in significantly reduced steady-state amounts including Y540E and Y540Q (Fig.  1A , Lanes 3 and 5); T661E and D663Y (Fig. 1B , Lanes 6 and 11, respectively); and R736D (Fig. 1C , Lane 11). The P protein was equally expressed with each of the L mutants.
The majority of the mutations in the Sendai L protein inactivate viral mRNA synthesis
The L mutants were then tested for their ability to synthesize viral mRNA in vitro. VVT7-infected cells were transfected with wt P and wt or mutant L plasmids, incubated overnight, and cytoplasmic cell extracts were prepared as described under Materials and Methods. The extracts were incubated with polymerase-free wt Sendai RNA-NP template in the presence of [␣ 32 P]CTP and the total mRNA products was analyzed. The wt Sendai L and P proteins gave good synthesis of viral mRNA ( Figs. 2A-2D , Lanes 2), while no synthesis was seen using extracts from cells that were infected, but not transfected (Lanes 1), showing that the template alone had no associated polymerase and activity was dependent on added polymerase. As a control for the mutagenesis procedure, several mutants were changed back to the wt amino acid and designated E740E, K543K, and K666K, and each of these gave wt levels of mRNA synthesis as expected (Fig. 2C , Lane 12; Fig. 2D , Lanes 3 and 4, respectively). Most of the L mutations completely abolished mRNA synthesis ( Figs. 2A-2D) ; however, a few retained variable amounts of activity. Of the three substitutions at Y540 in domain II only the conservative change Y540F gave partial (31%) activity, while the other two, Y540E and Y540Q, which both had lower levels of protein (Fig. 1A) , were inactive ( Fig. 2A, Lane 3; Fig. 2B , Lanes 3 and 4). All 10 of the changes at K543 in domain II, which showed good L protein expression (Fig. 1) , gave no mRNA synthesis ( Fig. 2A) . Even the conservative change K543R was inactive, so specifically lysine at this position is essential. Similarly, all five substitutions at D663 and the two changes at T661, both in domain III, gave no mRNA synthesis (Fig. 2B , Lanes 5-9; Fig. 2C , Lanes 3 and 4), although only T661E and D663Y were reduced in the amount of L produced (Fig. 1) . Thus most of these conserved residues were essential for viral transcription.
The five substitutions at K666, a position completely conserved in the L proteins of paramyxo-and rhabdoviruses (Poch et al., 1990; Sidhu et al., 1993) , gave interesting effects on the activity of the protein. K666R and K666A gave partial mRNA synthesis (18-24%) compared to wt L, while replacement with leucine, valine, and glycine virtually abolished synthesis (Fig. 2B , Lanes 10-14). Enzymatic activity was thus sensitive to the nature of the amino acid replacement at this position. Similar results were obtained for three changes at C668 which is conserved in L proteins of paramyxoviruses. Substitutions of leucine and lysine gave inactive L proteins, while replacement with tyrosine retained significant (66%) Labeled RNA products were purified and separated by gel electrophoresis as described under Materials and Methods. The position of the NP and P mRNAs, which comigrate, is indicated. Western blot analysis showed that the P protein was equally synthesized with each L protein (data not shown). The percentage of mRNA synthesis as an average of three experiments is shown below compared to wt L as 100%. mRNA synthesis (Fig. 2C , Lanes 5-7). The N734E change also gave activity (59%, Fig. 2D , Lane 5) consistent with this being a nonconserved position in the protein. In addition, for the seven substitutions at R736, a lessconserved residue in L proteins, a spectrum of activities was also observed. Changes to aspartic acid, proline, and glutamic acid at aa 736 abolished mRNA synthesis (Fig. 2C , Lanes 8, 10, 11) due probably for the first two to their severely reduced protein levels (Fig. 1) . Substitutions of valine and leucine gave limited activity (10-16%), but a change to methionine was nearly at wt L levels (87%) (Fig. 2C , Lane 9; Fig. 2D , Lanes 6 and 7).
In domain III there are several clusters of nearly invariant amino acids and we chose one from Sendai L at aa 737-752 (GGIEGYCQKLWTLISI) to do site-directed mutagenesis at aa 737, 738, 740, 741, and 744. Except for G741R the mutant L proteins were all expressed ( Fig. 1) . One change G737A was inactive and the mutant G737E gave very small (2%) activity (Fig. 2D , Lanes 9 and 10). The rest of the mutants were all completely inactive in viral mRNA synthesis in vitro (Fig. 2C , Lanes 13 and 14; Fig. 2D , Lanes 9-13; Table 1 ). As the conservation suggested, these amino acids are thus all essential for viral transcription.
The effects of L mutations on the synthesis of leϩ RNA are similar to the effects on mRNA synthesis
Since most of the L mutations decreased or abolished the ability of the polymerase to transcribe full-length mRNAs, we examined the activity of the mutant proteins in the synthesis of leϩ RNA. The 55-nt leϩ RNA is the first product of transcription and serves as a measure of the ability of the polymerase complex to initiate RNA synthesis. Cells were infected and transfected with wt P and the wt or mutant L plasmids and extracts were incubated with Sendai RNA-NP template in the absence of radiolabeled nucleotides. The total RNA products were purified and analyzed by Northern blotting with a radiolabeled leϩ-specific oligonucleotide probe. Wt L synthesized the 55-nt leϩ RNA along with some longer products derived by readthrough at the leϩ-NP junction (Vidal and Kolakofsky, 1989; Horikami and Moyer, 1995) , while no products were seen in the mock extracts (Figs. 3A and 3B, Lanes 1 and 2). Representative examples of L mutants that synthesized little or no mRNA were also tested. The L mutants K543R and K666V, with 0 and 2% mRNA synthesis, respectively (Table 1) , actually did synthesize more (7 and 13%) of the 55-nt leϩ RNA (Fig. 3A , Lane 4; Fig. 3B , Lane 4). These mutants started synthesis at the end of the genome at low levels, but apparently were impaired in the initiation of mRNA synthesis at the leader-NP gene boundary. Most of the mutants gave either no or a trace amount (0.1%) of leϩ RNA synthesis ( Fig. 3) corresponding to their lack of mRNA synthesis. K737E gave similar low amounts (2%) of the 55-nucleotide (nt) leϩ RNA (Fig. 3B , Lane 9) and mRNA synthesis (Table 1) . Thus the majority of the mutant enzymes were not able to synthesize even the small first transcription product.
Effect of the L mutations on in vitro DI-H RNA replication
Representative examples of the mutants at each position were also assayed for their ability to replicate a viral DI-H template in vitro and in vivo. In vitro replication measures the ability of the viral polymerase to catalyze a single round of replication using template purified from DI-H virus. VVT7-infected cells were transfected with plasmids encoding Sendai wt Pstop, which does not express the C proteins, and NP and the wt or mutant L genes, and cytoplasmic extracts of the cells were incubated with polymerase-free DI-H RNA-NP template in the presence of a radiolabeled nucleotide. The products were digested with micrococcal nuclease to degrade all nucleic acids except for NP-encapsidated replication products, which were purified and separated by gel electrophoresis. The wt L protein directed the synthesis of 
Note. Extracts of infected, transfected cells containing the wt or representative mutant L proteins were assayed for mRNA and leϩ RNA synthesis and for DI-H replication in vitro and in vivo as described in Figs. 2-5. The data for each assay are the average of three experiments for each parameter compared with wt L as 100% with Ͻ10% variation. ND, not done. For leϩ RNA synthesis just the 55-nt leϩ band was quantitated. Mutants at aa 540 and 543 are in domain II and mutants from aa 661-744 are in domain III.
the DI-H genome RNA, while there was no product with the mock extract (Figs. 4A-4C, Lanes 1 and 2), showing the dependence of replication on added viral proteins. For the L mutants tested the pattern of replication activity was generally similar to that seen for transcription, with a few significant differences. L mutants with the substitutions Y540E, K543R/T, T661K, D663V, C668L/K, G738F, E740S, G741R, and Q744K, which were all inactive in transcription (Fig. 2) , also synthesized no DI-H RNA ( Fig.  4 ; Table 1 ). The mutant G737E gave a small amount (2%) of replication similar to the level of transcription; however, G737A was inactive in both processes (Fig. 4C , Lanes 8 and 9, Table 1 ). At K666 several substitutions had different effects on replication. Although K666A and K666R both gave some transcription (ϳ20%, Table 1), the former gave no DI-H replication, while K666R synthesized low (6%), but detectable, product (Fig. 4A, Lane 9; Fig. 4B , Lane 6). Thus replication was more affected by these mutations than transcription. Another change, K666L, however, completely inactivated all synthetic activity (Fig. 4B , Lane 5; Table 1 ). The significant replicative activity of N734E was consistent with its level of mRNA synthesis (Table 1) . At R736 the changes to valine, leucine, and methionine gave good replicative activity (Fig. 4C , Lanes 4, 6 and 7; Table 1 ), but the change to a positively charged amino acid in R736D and R736E abolished both activities (Fig.  4C, Lanes 3 and 5) . Two mutants, R736V and R736L, gave significantly more replication than transcription in vitro. This is not a phenotype that we have previously observed. The probable explanation for this phenotype is that the source of the P protein is different between these experiments, where for mRNA synthesis a plasmid was used, which expresses both the P and the C proteins and for replication a plasmid, Pstop, that only expressed P was used. Since the C proteins have been shown to inhibit all viral RNA synthesis Cadd et al., 1996; Tapparell et al., 1997; Horikami et al., 1997) , we assayed all the mutants for transcription with Pstop. All the mutants that were inactive for mRNA synthesis with P/C were also completely inactive with Pstop (data not shown). Each mutant that gave some level of mRNA synthesis with P/C gave increased levels (three-to fourfold) with Pstop, so for R736V and R736L transcription and replication in vitro are actually very similar (Table 1) . The absence of the C proteins exaggerates the differential between mRNA synthesis and the reduction or absence of replication for K666R, K666A, and G737E (not shown).
Effect of the L mutations on in vivo DI-H replication
An in vivo method for assaying the replication capacities of the mutant L proteins measures the ability of the viral polymerase to direct multiple rounds of replication from a DI-H template synthesized in the transfected cell. VVT7-infected cells were transfected with plasmids encoding wt Pstop, NP, and the wt or representative mutant L plasmids, along with pSPDI-H, the DI-H genomic plasmid (Myers and Moyer, 1997 ), or with pSPDI-H alone (Mock). T7 RNA polymerase transcribes the DI-H plasmid to generate full-length (ϩ) sense DI-H genomic RNA, which has an authentic 3Ј end due to the action of the hepatitis delta ribozyme at the end of the primary transcript. DI-H transcripts nonspecifically encapsidated by the NP protein then serve as a template for the viral polymerase to synthesize encapsidated (Ϫ)-sense DI-H RNA, the template for further rounds of replication. After overnight incubation cytoplasmic extracts of the cells were digested with micrococcal nuclease to degrade all nucleic acids except for encapsidated RNA replication products and (Ϫ)-sense DI-H RNA was detected by Northern blot analysis with a (ϩ)-sense DI-H-specific riboprobe. The positive control with wt L showed good DI-H RNA replication, while in the negative control transfected with pSPDI-H alone there is no replication (Figs.  5A and 5B, Lanes 1 and 2), as expected. The mutants Y540E, T661K, K666A/V, C668L/K, R736E, and G738F (Fig.  5) and D663V, E740S, G741R, and Q744K (not shown) were completely inactive in replication in vivo, as they were in vitro ( Table 1 ). The substitution mutants Y540F, N734E, and R736V/L/M that had given some in vitro DI-H replication also gave similar replicative activity in vivo (Fig. 5A , Lanes 4, 10, 11; Fig. 5B , Lanes 6, 7; Table 1 ). In contrast, K666R and G737E actually showed ϳ10-fold increase in replication in the cell vs in vitro (Fig. 5A , Lane 6; Fig. 5B , Lane 8, Table 1 ).
The enzymatically inactive L mutants retain the ability to complex with P protein and the complexes bind to nucleocapsids
The L protein itself is unable to bind to the template, but is bound through the P subunit of the P-L complex. We next determined if an inactive L mutant in domain II (K543T) and domain III (E740S) ( Table 1 ) was able to complex with P protein, measured by binding polymerase to the viral template. VVT7-infected cells transfected with wt P/C and the wt or mutant L plasmids were labeled with 35 S amino acids. Immunoprecipitation showed that the L proteins were all similarly expressed (data not shown). Samples were incubated in the absence or presence of Sendai RNA-NP (NC) and fractionated by centrifugation through glycerol, and the nucleocapsid-associated proteins in the pellet analyzed by gel electrophoresis as described under Materials and Methods. In addition to some background vaccinia virus or cellular proteins seen in the mock samples (Fig. 6 , Lane 2) for wt L and each of the L mutants, there was a small amount of the viral proteins which pelleted in the absence of NC (Fig. 6 , odd lanes) which probably represents some aggregates. The amount of P and both wt and mutant L in the pellet increased significantly in the presence of NC (Fig. 6, even lanes) , showing the binding of the K543T and E740S with P to the template. Similar data (not shown) were obtained for the inactive L mutants T661K, D663V, K666L, and R736E. These results show that these mutant L proteins did form a polymerase complex with P protein and the complex bound to the template, but could not synthesize any RNA. (Poch et al., 1990; Sidhu et al., 1993) ; however, studies directed at identifying specific functions for these regions are limiting. Although the P protein of the P-L polymerase complex brings the enzyme to the template by the interaction of the P subunit with NP of the nucleocapsid, the L protein must also interact with the template for RNA synthesis to take place. Domains II and III of L have been proposed to represent the polymerase module (Müller et al., 1994) . Domain II contains a region, designated preMotif A, with three invariant amino acids and one highly conserved charged residue. Domain III contains four regions designated motifs A, B, C, and D that together contain four invariant amino acids and one highly conserved residue when compared to 23 RNA-dependent RNA or DNA polymerases, including enzymes from paramyxoviruses, rhabdoviruses, bunyaviruses, arenaviruses, influenza viruses, a filovirus, and HIV (Müller et al., 1994) . By analogy to the crystal structure of HIV reverse transcriptase, five residues, E569, D663, D773, N774, and K848, are proposed to contribute to the palm region, and four residues, K543, R552, R562, and G741, are proposed to contribute to the finger region of the Sendai virus L protein. K543, R552, R562, E569, and G741 are thought to position the template in the catalytic site. D663, D773, D774, and K848 seem to be involved in the enzymatic activity. In the present study seven invariant residues (D663, K666, G737, G738, E740, G741, and Q744), five conserved residues (Y540, K543, T661, C668, and R736), and one nonconserved residue, N734, were investigated ( Fig. 7 ; Poch et al., 1990; Sidhu et al., 1993) . The residues were changed to several different amino acids (from 2 to 8) by site-directed mutagenesis to analyze the importance of both the position and the type of group for the function of the Sendai L protein. From the whole panel, two mutant proteins were not synthesized (R736P, G741A) and the synthesis of five mutants (Y540E, Y540Q, T661E, D663Y, and R736D) was markedly reduced. Thus, some of the amino acid substitutions had significant effects on the overall stability of the proteins.
DISCUSSION
Six conserved domains (I-VI) have been defined based on amino acid comparisons of the L proteins of a number of paramyxoviruses and rhabdoviruses
As summarized in Fig. 2 and Table 1 , of a total of 47, only 9 mutants were active, but to different degrees, in in vitro transcription. Inactive mutants representing different important positions whose proteins were synthesized were shown to bind P protein and to bind as a complex to the nucleocapsid template (Fig. 6) , so the defective transcriptional activity was not due to a simple binding defect. None of the invariant residues (D663 and G741) or the almost invariant K543 (22/23) in the 23 polymerases compared by Müller et al. (1994) could be changed. In addition, the majority of L proteins mutated at residues invariant between the polymerases of Mononegavirales (G738, E740, Q744) were inactive, but K666R/A/V and G737E gave small or moderate activity. A comparable result was found when charged-to-ala changes of the invariant residues within domain II of the Sendai L protein were performed (Smallwood et al., 1999) . Mutants 2-1 (L542AϩK543A), 2-5 (K562A), and 2-6 (E569A) were completely inactive, whereas the nonconservative exchange R552A (2-3) gave 50% of the transcriptional activity of wt L. Mutants Y540F, C668Y, and R736V/M/L with amino acid exchanges at conserved, but not invariant, residues or the nonconserved N734E were able to transcribe viral mRNA up to 87% of wt L.
Representative mutants which exhibited no or moderate activity in the assay for mRNA synthesis were also tested for leader RNA synthesis. The 55-nt leϩ RNA is the first product of transcription which indicates that initiation of RNA synthesis took place. The majority of the mutant L enzymes do not appear to be able to even make this product (Table 1 ). The 55-nt leϩ RNA was observed for mutant G737E (2% of wt L) in an amount proportional to mRNA synthesis. Interestingly, mutants K543R and K666V gave 7 and 13%, respectively, of the 55-nt leϩ RNA, although these mutants were virtually inactive in mRNA synthesis. These mutant RNA polymerases started the catalytic process, but were unable to overcome the boundary between the leader and NP genes. In mutant K543R a residue invariant between 22 and 23 polymerases even a conservative change (K Ͼ R) destroys all transcriptional and replicative activity except for polymerase complex formation and synthesis of leϩ RNA. A similar situation was found with mutant K666V: residue K666 is invariant between the L proteins of Mononegavirales, and while conservative or charged-toala exchanges (K666R, K666A) are tolerated for transcription, the nonconservative exchanges to val or leu destroy mRNA synthesis, but retain to some extent the ability to form leϩ RNA.
K666 is thought to be part of the palm domain of the catalytic center of the L protein since the neighboring D663 is only 4.2 Å apart from D773 and N774 of the GDN motif in the catalytic center (Müller et al., 1994) . Since K543R is thought to be located far from D666 in the palm domain, in the finger domain which is responsible for the interaction of the enzyme with the template strand (Mül-ler et al., 1994) , different regions of the protein are required for the leϩ, mRNAϪ phenotype. In fact, in previous studies mutants in domain I (L12, L16, L17) (Chandrika et al., 1995) , domain IV (SS10) (Feller et al., 2000a) , and domain V (SS21) (Cortese et al., 2000) also have a similar phenotype, suggesting that these regions are also involved specifically with sites in domains II and III in crossing the junction between the leader and NP genes. Possibly recognition of the start site for mRNA synthesis is impaired. Alternatively, it is tempting to speculate that an unknown factor(s) that binds these sites is required for the polymerase to cross the boundary between the leader and NP genes. For example, the switch from transcription to genome replication is controlled by the presence of the heterodimer NP 0 -P, which has to bind to the L polymerase (Curran et al., 1995; Horikami et al., 1992) . A similar mechanism could be involved in the switch from leϩ RNA synthesis to mRNA synthesis. Binding of a cofactor might be destroyed within the mutants K543R and K666V (as well as others), which represent valuable tools for the characterization of putative cofactors regulating the transcriptional mode of the Sendai polymerase.
Representative examples of the mutants at each position were assayed for their ability to replicate viral DI-H templates. In a first set of experiments 23 mutants were tested in an in vitro replication assay which measures the ability of the viral polymerase to catalyze a single round of replication using a template purified from DI-H virus. All mutants which were inactive in transcription also showed no replication in vitro. Mutant G737E gave a small signal (2%) similar to that of transcription, whereas G737A was inactive in both processes. At K666 several substitutions had different effects. Exchanges to arg or ala were tolerated in mRNA synthesis; however, only L protein with K666R gave limited replication activity. The sensitivity of K666 to different substitutions demonstrates once more the important function of lysine in the catalytic center of the polymerase. Similar to the domain III K666A change characterized here, mutants including domain I (L9, L10, L14) (Chandrika et al., 1995) ; domain II (2-3) (Smallwood et al., 1999) , domain V (SS17-SS20, SS22, SS23, L1361Y) (Cortese et al., 2000) , and two others between domains V and VI (L1558I, C1571Y) Feller et al., 2000a) all can transcribe but cannot replicate, thus uncoupling the two processes. We propose that these mutations abolish the interaction of the P-L polymerase complex with the NP 0 -P substrate which is required for the encapsidation of the nascent replicative RNA. Since this phenotype was observed with mutants across L, it suggests that these regions of the protein are interacting, perhaps constituting a nonlinear domain by the folding of the polypeptide.
The ability of the polymerase to direct multiple rounds of replication from a DI-H template was also examined in an in vivo replication assay. All the mutants inactive in vitro were also inactive in vivo. Some of the mutants that exhibited some in vitro DI-H replication activity showed enhanced levels of replicative activity in vivo, most strikingly K666R and G737E, with a 10-fold increase. This phenotype has previously been observed in some L mutants in other domains, including at aa 1361, and in SS19 and SS22 in domain V and at aa 1558 between domains V and VI (Feller et al., 2000b; Cortese et al., 2000) . It appears that some function of the intact cell is stabilizing these L mutants, a function that is not reproduced in cell extracts. One possible explanation is that in vivo replication is inherently better than that in extracts; however, we do not observe this phenotype in most other L mutants, suggesting that some unknown component of the intact cell can rescue some mutants that are defective in cell extracts. Domains II and III of the L protein, which are thought to be responsible for important functions, e.g., binding of template and catalytic activity, have now been analyzed in more detail and amino acid positions essential for polymerase activity were defined. The L mutants have allowed the uncoupling of various steps in viral RNA synthesis raising new questions about the mechanisms involved in the multiple functions of the Sendai virus polymerase complex, including the possibility of as yet unidentified cofactors for specific steps. With another family of the Mononegavirales, the Filoviridae, such a cofactor has been identified. For the transcription and genome replication of Marburg virus, three viral proteins, comparable to the Sendai NP, P, and L proteins, are sufficient. However, for Ebola virus the situation is quite different (Muhlberger et al., 1999) . When the three proteins are added to the viral template, only genome replication takes place. To initiate viral transcription, a fourth viral protein is necessary.
MATERIALS AND METHODS
Cells, viruses, and antibodies
A549 human lung carcinoma cells were used for all experiments. Sendai virus (Harris strain) and its copyback defective interfering (DI) particle, DI-H, were propagated in embryonated chicken eggs as previously described (Carlsen et al., 1985) . The DI-H RNA is 1410 nt and contains the 5Ј terminus of the wt genome with a portion of the L gene and a 3Ј end that is complementary to 110 nt of the 5Ј end (Myers and Moyer, 1997) . Polymerase-free nucleocapsid template (RNA-NP) was purified from both wt Sendai and DI-H viruses as described previously (Horikami et al., 1992) . A vaccinia virus recombinant which expresses the bacteriophage T7 RNA polymerase (VVT7) (Fuerst et al., 1986) was grown in CV-1 African green monkey kidney cells. Antibodies included rabbit polyclonal anti-Sendai virus (␣-SV) (Horikami et al., 1992) , anti-P peptide (␣-P) (a kind gift of K. Gupta, Rush Medical Center, Chicago, IL), and rabbit anti-trpE/SV L fusion (␣-L) (Horikami et al., 1992) .
Plasmids and mutagenesis
The pGem plasmids containing the Sendai virus NP, P/C, and Pstop (expressing only P due to a stop codon in the C open reading frames) genes under the control of the T7 promoter were described previously (Curran et al., 1991 (Curran et al., , 1994 . The DI-H plasmid pSPDI-H expresses from the T7 promoter a full-length DI-H (ϩ)-sense genomic RNA, followed by the hepatitis delta ribozyme and a T7 terminator (Myers and Moyer, 1997) . The specific L mutations N734E, R736L, R736M, R736E, G737A, G737E, G738M, G738F, and G741A were introduced into plasmid pTM-L using the unique site elimination mutagenesis kit (U.S.E., Amersham Pharmacia Biotech) on an L cDNA. All other mutants were constructed using a modified protocol wherein the same assay a set of primers in which the three nucleotide positions of the codon to be changed were randomized. Using this procedure, up to eight different codons at one amino acid position could be generated. The sequence of the primers is available upon request. Appropriate mutant fragments were sequenced and recloned into pTML. The L mutant Q744K was constructed by PCR-based mutagenesis using Vent polymerase (New England Biolabs) by the two-step method of Higuchi (1990) . The unique AvrII and AgeI sites were used for cloning the fragment into pGem L at those sites and the mutation was confirmed by sequencing.
Sendai virus transcription
A549 cells at ϳ80% confluence in 60-mm dishes were infected with VVT7 at a multiplicity of infection (m.o.i.) of 2.5 PFU/cell for 1 h at 37°C. The infected cells were washed with Opti-MEM and transfected with wt P/C (1.5 g) and the wt or mutant L (0.2 g) plasmids in lipofectin (Life Technologies) and incubated at 37°C in Opti-MEM (Life Technologies). At 18 h posttransfection, cytoplasmic extracts (100 l) were prepared using a modification of the lysolecithin procedure (Horikami et al., 1992) , where the cells are scraped into incomplete reaction mix, micrococcal nuclease digested, and then supplemented with magnesium acetate, RNasin (Promega), actinomycin D, creatine phosphate, and creatine phosphokinase (Chandrika et al., 1995) . To assay for mRNA synthesis, wt Sendai RNA-NP template (1 g) and [␣ 32 P]CTP (20 Ci) were added to each extract. After incubation for 2 h at 30°C, the total labeled transcription products were purified over RNeasy columns (Qiagen) and analyzed by electrophoresis on 1.5% agarose acid urea gels. The products were visualized by autoradiography and quantitated using a PhosphorImager (Molecular Dynamics).
To assay for the 55-nt leϩ product, extracts were prepared as above except that the reaction mix con-tained 1 mM CTP and no radiolabeled nucleotide was added. Sendai RNA-NP template (2.5 g) was added and the samples incubated for 2 h at 30°C. Unlabeled total transcripts were purified and then separated by electrophoresis on a 8% polyacrylamide/8 M urea gel. The RNA was transferred onto Hybond-N nylon membrane (Amersham Pharmacia Biotech). Leader transcripts were detected using a 32 P end-labeled Sendai virus leϩ complementary oligonucleotide probe as previously described , except that hybridization was done at 40°C. The products were visualized by autoradiography and quantitated on the PhosphorImager.
Sendai virus replication
For in vitro replication analysis, VVT7-infected A549 cells were transfected at 1 h postinfection with Pstop (5 g), NP (2 g), and the wt or mutant L (0.2 g) plasmids.
At 18 h posttransfection lysolecithin extracts (100 l) were prepared in incomplete reaction mix containing 10 M CTP with magnesium acetate and RNasin. After pelleting the nuclei, actinomycin D was added, followed by DI-H RNA-NP template (2 g) and [␣ 32 P]CTP (50 Ci). The samples were incubated at 30°C for 2 h and then micrococcal nuclease treated to degrade all nucleic acids except encapsidated replication products. The RNAs were purified with RNeasy columns, separated on agarose acid urea gels, visualized, and quantitated. For in vivo replication, VVT7-infected A549 cells were transfected with the Pstop and NP and the wt or mutant L plasmids as above with the addition of the genomic pSPDI-H (2.5 g) plasmid. The mock sample contained the pSPDI-H and pGem (7.2 g) plasmids. Lysolecithin extracts were made in reaction mix salts [0.1 M HEPES (pH 8.5), 50 mM NH 4 Cl, 7 mM KCl, 1 mM DTT] and micrococcal nuclease treated. The unlabeled nucleaseresistant products were purified over RNeasy columns and separated on an agarose acid urea gel. The RNAs were transferred to nylon membranes. The (Ϫ)-strand DI-H replication products were detected using an internally labeled (ϩ)-sense DI-H T7 transcript riboprobe. Hybridization was done at 57°C and quantitated.
